We compared the effects of nitrogen fertilization on shoot hydraulic architecture and leaf photosynthetic properties of Eucalyptus grandis Hill ex Maiden trees in Hawaii. It was hypothesized that water transport capacity would adjust to nutrient availability, with leaf specific hydraulic conductivity (k l ) increasing in fertilized trees in coordination with higher photosynthetic capacity per unit leaf area. Trees were grown from seedlings in the field for 10 months at four rates of nitrogen (N) fertilization between 0 and 336 kg ha -1 . Leaf water potentials, photosynthetic capacity and k l were measured before whole shoots were harvested to determine total growth, leaf area and sapwood density. Mean tree height increased from 4 to 5.3 m, stem basal area increased from 27 to 67 cm 2 and total leaf area increased from 15 to 40 m 2 between the lowest and highest rates of fertilizer addition. When trees were compared on the basis of leaf nitrogen per unit area (N area ), light-saturated rates of photosynthesis on an area and mass basis and the maximum rate of electron transport all increased from 50% to more than 100% as N area increased from 0.8 to 2.1 g m -2 . Branch specific hydraulic conductivity (k s ) and k l increased with height in the crown. However, there was no change in branch k l or the ratio of leaf area to sapwood area of the whole shoot in response to fertilization, and k s and density of the sapwood were unrelated to leaf N area . In contrast to photosynthesis, stomatal conductance did not respond to fertilization, leading to decreased internal carbon dioxide partial pressure (p i /p a ) in fertilized plants and similar leaf water potentials in all plants. Consistent with the behavior of p i /p a , carbon isotope discrimination decreased by 2‰ with increasing leaf N area , supporting the conclusion that intrinsic water-use efficiency was enhanced by fertilization. Increased growth in response to fertilization involved adjustment at the leaf level rather than a change in the balance between water transport capacity and leaf area. It is proposed that, when there are changes in leaf properties without any external change in water availability or evaporative demand, leaf photosynthesis and stomatal conductance are partially constrained by the hydraulic architecture of the tree.
Introduction
Resistance to water flow through the xylem from the roots to the tree crown lowers leaf water potential and may limit water supply to the leaf. The structure of the water transport system, or hydraulic architecture, of the tree is therefore a major determinant of the leaf water balance (Zimmermann 1978 , Tyree and Ewers 1991 , Tyree and Ewers 1996 , and must be considered when interpreting leaf physiological behavior. It has been hypothesized that stomata respond to hydraulic signals transmitted through the xylem (Whitehead 1998) , and that the coordination of stomatal functioning with apparent hydraulic capacity acts to maintain water potential above a threshold minimum (Andrade et al. 1998 , Bond and Kavanagh 1999 , Salleo et al. 2000 . Stomata also control the supply of CO 2 to the leaf interior, and photosynthesis and stomatal conductance are normally tightly coupled (e.g., Leuning 1995) . The hydraulic properties of the tree thus also influence photosynthesis and growth in addition to stomatal behavior and leaf water balance, but the relationship between leaf physiology and the development of hydraulic architecture is poorly understood (Gartner 1995) . Can hydraulic architecture vary in a coordinated manner with changes in leaf physiology, or is leaf physiology constrained by hydraulic architecture? In this study, we compared leaf physiology and stem hydraulic architecture in Eucalyptus grandis Hill ex Maiden trees receiving different rates of nitrogen (N) fertilization.
Allocation of resources to hydraulic capacity is not fixed for a particular species, but varies with genotype, in response to the environment and with tree age. For example, Franks et al. (1995) compared provenances of Eucalyptus camaldulensis Dehnh. from contrasting climatic zones and found that seedlings from the more arid habitat had more permeable sapwood and lower vulnerability to xylem cavitation compared with seedlings from the wetter site. The hydraulic architecture of Pinus halepensis Mill. seedlings from a range of provenances was similar, but provenances from arid environments had lower amounts of xylem embolism and higher soil-to-leaf hydraulic conductance during a drought period (Tognetti et al. 1997 ). The opposite trend occurs when different species are compared, with drought-adapted species generally having lower hydraulic conductivities than mesic species (Nardini and Tyree 1999) . The light environment may also influence hydraulic architecture, with leaf specific hydraulic conductivity (k l ), a measure of hydraulic conductance per unit leaf area, normally being reduced in plants developing in the shade (Schultz and Matthews 1993, Shumway et al. 1993) . Within coniferous species, the ratio of sapwood area to leaf area, a major determinant of k l , is known to vary with climate (Mencuccini and Grace 1995) , stand density (Pothier and Margolis 1991) and site fertility (Espinosa-Bancalari et al. 1987) . Heath et al. (1997) found that elevated CO 2 reduced whole-shoot leaf specific conductance and stomatal conductance in Quercus robur L. seedlings, but not in Fagus sylvatica L. The preceding examples highlight the plasticity of tree hydraulic architecture and the uncertainty involved in predicting its response to environmental variables.
In the present study, we measured branch hydraulic conductivity and trunk sapwood area and compared them with leaf area, photosynthetic capacity, stomatal conductance (g s ), leaf water potential (Ψ L ) and carbon isotope discrimination in trees subjected to different N fertilization regimes in the field. We expected increased photosynthesis and g s in response to N fertilization. Our hypothesis was that N fertilization would result in increased leaf specific hydraulic conductivity so that higher photosynthetic rates, g s and transpiration per unit leaf area could be accommodated without a concomitant decline in Ψ L . We predicted that fertilized trees would grow faster and produce sapwood with lower density and higher porosity than unfertilized trees. Alternative hypotheses included no change in either photosynthesis or hydraulic architecture or an increase in photosynthesis and g s without change in hydraulic capacity, and hence a decrease in Ψ L .
Materials and methods

Site description, plant material and treatments
The selected trees were grown as part of a separate study of fertilizer regimes for the establishment of commercial Eucalyptus plantations in Hawaii (Santo 2000) . The study site was in an area previously used for sugarcane cultivation on the Hamakua Coast of the Island of Hawaii, 1 km east of the township of Pa'auilo (20°02′15 ″ N 150°21′56″ W) at an altitude of 250 m, and exposed to the prevailing northeasterly trade winds. The soil is Kukaiau silty clay loam. Rainfall recorded in the township of Pa'auilo (Station 221) during October 1997 to September 1998 was 2620 mm, 11% more than the historical average for the same period, although the period from January to March 1998 was drier than average. Before planting, the site was cleared of weeds by spraying glyphosate herbicide, burning, disc harrowing and in-row subsoiling.
Seedlings of E. grandis were grown from seed (Mondi Forest Orchards, South Africa) in a nursery for 12 weeks and hand planted in October 1997 at 2-m intervals in rows 3 m apart. Approximately 500 ml of water was applied per seedling at planting, but there was no further irrigation. Fertilizer treatments were applied to plots of trees three rows wide and seven trees deep (21 trees in total). The study trees received 0, 112, 224 or 336 kg N ha -1 year -1 , applied as CO(NH 2 ) 2 at 2-month intervals over the first year. Potassium was applied at the same time as N, with all treatments receiving 224 kg K 2 O ha -1 year -1 as muriate of potash, and all treatments received 224 kg P 2 O 5 ha -1 as triple superphosphate and 224 kg Ca ha -1 as CaCO 3 at the time of planting. Starting 2 days after transplanting, fertilizers were applied as a surface band around each tree with a radius of about 0.5 m. Treatments were replicated in three blocks (12 plots in total). Growth, hydraulic conductance, and bulk foliage nitrogen and carbon isotope measurements were made on two randomly selected trees from the outer rows of each plot (six trees in total per treatment), the inner row being reserved for the fertilizer study. The more timeconsuming ambient photosynthesis and water potential measurements were made only on trees in the 0 and 336 kg N ha -1 year -1 plots within each block.
Photosynthesis, stomatal conductance and leaf water potentials
During June 1998, a closed photosynthesis system (LI-6200, Li-Cor, Inc., Lincoln, NE) was used to record the photosynthetic response to CO 2 of mature, fully expanded single leaves from 13 trees (two to four leaves per N treatment). A source of air with a CO 2 concentration of at least 1000 µmol mol -1 was produced by blowing into a large plastic bag initially filled with ambient air. The leaf was enclosed in a 1-liter chamber where constant photosynthetically active radiation (PAR) of 1000 µmol m -2 s -1 was provided by an LED light source (Q-Beam 2001-A, Quantum Devices Inc., Barneveld, WI). The CO 2 -enriched air was supplied by means of a bypass switch on the photosynthesis system. Once photosynthesis and g s had reached constant values in CO 2 -enriched air, the bypass switch was closed and the rate of CO 2 assimilation recorded every minute as the CO 2 concentration decreased to 50 µmol mol -1 through the action of photosynthesis over a period of at least 60 min. Photosynthetic measurements were corrected for leaks after measuring the leak rate of the closed system before each leaf was enclosed in the chamber. Plots of photosynthesis as a function of intercellular CO 2 concentration were fitted with the mechanistic model of von Caemmerer and Farquhar (1981) and the parameters J max and V cmax were estimated by nonlinear regression (Photosyn Assistant, Dundee Scientific, Dundee, U.K.).
On 5 days in July 1998, measurements of CO 2 assimilation and g s under ambient conditions were made with an open photosynthesis system (Ciras, PP Systems, Hitchin, U.K.). Three mature, fully expanded leaves were selected from a range of heights and azimuths within the crown of each tree and marked with flagging tape. Most leaves received at least some direct sunlight. Senescent older leaves located in the shaded lower portions of the crown were avoided. Measurements began at about 0800 h and were repeated every 1 to 2 hours until about 1700 h on two trees in one 0 and one 336 kg N ha -1 year -1 plot from the same replicate. On subsequent days, measurements were repeated on different trees in differ-ent replicates of the fertilizer trial. For each measurement, the leaf was enclosed in the chamber, held at its natural orientation and photosynthesis recorded after readings had stabilized (usually within 1 min). Average chamber CO 2 concentration and leaf temperature for each leaf varied between 340 and 370 µmol mol -1 and 24 and 28°C, respectively. During measurements, PAR measured by the external quantum sensor attached to the cuvette varied between 3 and 1960 µmol m -2 s -1 . No consistent difference was found between leaves from different positions within the canopy. Results for each tree were therefore pooled and fitted with a non-rectangular hyperbola describing the response of CO 2 assimilation to PAR (Ogren and Evans 1993) , with the light-saturated rate of photosynthesis estimated by nonlinear regression (Photosyn Assistant, Dundee Scientific).
Leaf water potential was measured with a pressure chamber on the same days as ambient photosynthesis. Measurements began at dawn and were alternated with photosynthesis measurements on the same tree. At least two leaves were enclosed in a plastic bag and removed from the tree for each measurement. Measurements of xylem water potential were also made around midday on adjacent, non-transpiring leaves that had been covered with a plastic bag and aluminum foil on the previous evening.
All leaves used for photosynthesis measurements were retained, their area measured and dry mass recorded after drying at 75°C for 24 h. Total N content of finely ground samples was determined by the micro-Kjeldahl technique at the Agricultural Diagnostic Service Center, University of Hawaii, Manoa.
Branch hydraulic conductivity
The hydraulic conductance of proximal pieces of stem from three branches per tree was measured with a high-pressure flow meter (HPFM) (Tyree et al. 1995) during August 1998. To account for any vertical gradients in branch conductance, the height of the tree was first measured with a measuring pole, divided into three layers of equal height, and one branch cut from each layer. Branches were chosen to represent a range of azimuths and branch sizes, and the height of insertion of each branch was recorded. A piece of stem approximately 15 cm long was immediately cut from the proximal end of the branch and stored in water for measurement of conductance in the laboratory. The remainder of the branch was retained separately for measurement of leaf area. In the laboratory, the stem segment was recut and smoothed with a razor blade, a pressure of at least 70 kPa was then applied to the proximal end and the rate of flow through the segment recorded with the HPFM. A 10 mM solution of oxalic acid was used as the conductivity solution to inhibit microbial growth, and indigo carmine dye was added to the solution for some stem segments to check that the entire cross section was conducting. Measured conductance was independent of the applied pressure and constant for as long as pressure was applied. Stem temperatures, measured with a thermocouple during conductance measurements, varied between 22 and 26°C. Flow estimates were corrected for differences between HPFM measurement temperature and calibration temperature (Tyree et al. 1995) . Specific conductivity (k s ) and leaf specific conductivity (k l ) were calculated according to Tyree and Ewers (1991) .
Growth
On August 20, 1998, two trees from each plot were cut at ground level and tree height and stem diameter at ground level recorded. A slice at least 3-cm thick was cut from the base of the main stem, wet volume under bark determined by displacement and the sample dried at 75°C to a constant weight for calculation of wood density. The crown of each tree was separated into stems >1 cm in diameter and stems <1 cm in diameter (including leaves) and the two fractions weighed with a hanging scale. A subsample of six branches was randomly selected from the stems <1 cm in diameter, separated into leaves and stems and the wet mass of the two fractions recorded. The ratio of leaf mass to total (stem plus leaf) mass was later used to determine total leaf area for the tree. The area of the leaf sample was measured with a leaf area meter, dry mass was recorded after drying at 75°C for 24 h, and the sample finely ground before N content was measured as described above. Subsamples of leaf tissue were also combusted and the relative abundance of 13 C and 12 C in the CO 2 produced determined with an SIRA series II isotope ratio mass spectrometer (VGIsotech, Middlewich, U.K.) at the Duke University Phytotron. Stable carbon isotope composition was expressed as the 13 C/ 12 C ratio relative to that of the PeeDee belemnite standard with a precision of ± 0.2‰. The resulting δ 13 C values were used to estimate isotopic discrimination as δ = (δ a -δ p )/(1 + δ p ), where δ p is the isotopic composition of the plant material and δ a is the isotopic composition of the air (Farquhar et al. 1982) . The δ 13 C value of air was assumed to be -8‰, the value at Mauna Loa, Hawaii (Anonymous 1984) .
Results
Growth
Nitrogen-fertilized trees were taller and had at least twice the leaf area of unfertilized trees (Figures 1a and 1b) . Mean stem basal area at ground level ranged from 27 ± 5 cm 2 in unfertilized trees to 67 ± 3 cm 2 in plants receiving 336 kg N ha -1 (F = 11.93, P < 0.01). Mean leaf N concentration per unit area (N area ) was also higher in fertilized trees than in unfertilized trees when measured on a bulk sample of leaves from throughout the crown (Figure 1c ), but variation within treatments was high and the overall treatment effect was not significant. Differences in N area were significant when the fertilized treatments were grouped and contrasted with the zero N treatment (t = 2.18, P = 0.02). Although growth and leaf N area increased in response to N fertilization, differences between the N fertilization treatments were small and variable.
Photosynthesis
Light-saturated photosynthetic rate on a leaf area basis (A max area ) increased with increasing N area (Figure 2a) as a result TREE PHYSIOLOGY ONLINE at http://heronpublishing.com of increases in leaf N per unit mass (N mass ) and photosynthesis per unit mass (A max mass , Figure 2b ). Specific leaf area (SLA) was less important as a determinant of A max area (r 2 = 0.02, P = 0.60). The maximum rate of electron transport (J max ), expressed on an area basis, increased significantly with increasing N area , whereas the maximum rate of carboxylation by Rubisco (V cmax ) was insensitive to N area (Figure 3a) . Correlations between N concentration and both J max and V cmax improved when the parameters were expressed per unit mass, again indicating that increases in photosynthetic capacity were more the result of increased N concentration and allocation to photosynthetic components than changes in SLA (Figure 3b ). Parameters J max and V cmax were correlated with each other (area basis r 2 = 0.65, P < 0.01; mass basis r 2 = 0.87, P < 0.01), indicating that leaves with high electron transport capacity also had high carboxylation capacity.
Hydraulic architecture
Hydraulic capacity at the whole-tree and branch level did not vary in response to N treatment. Leaf area per tree and sapwood area at the base increased in constant proportion to each other (Figure 4a ), and there was no relationship between the ratio of leaf area to sapwood area (LA/SA) and N concentration (N area or N mass ) of the foliage (r 2 = 0.02, P = 0.5). Wood density at the base of the tree did not vary with N area (r 2 = 0.06, P = 0.24), but was weakly correlated with basal stem diameter (y = 15x + 269, r 2 = 0.38, P < 0.01). Overall mean wood density was 382 ± 16 kg m -3 . Similarly, branch leaf area was closely related to branch sapwood area (Figure 4b ) and branch LA/SA for each tree did not vary with tree N area (r 2 = 0.06, P = 0.23). Specific conductivity (k s ) and leaf specific conductivity (k l ) of proximal stem pieces from branches did not vary significantly with tree N area , regardless of height of branch insertion within the crown (k s versus N area , r 2 = 0.02, P = 0.52; k l versus N area , r 2 < 0.01, P = 0.93). Although branch hydraulic capacity was not correlated with foliage N concentration, k s and k l increased with branch insertion height ( Figure 5 ). Upper branches were younger and had smaller diameters than lower branches. Comparison of vessel diameter and density in stem transverse sections from three lower and three upper branches indicated that higher specific conductivity in the upper branches was the result of larger vessel diameter and possibly higher vessel density in the firstformed secondary xylem of upper branches. In the lower branches, most of the xylem was later-formed secondary xylem with narrow vessels and low vessel density (mean vessel diameter ± 1 SE, upper branches = 52 ± 2 µm, and lower branches = 44 ± 3 µm, t = 6.2, P = 0.03; mean vessel density, upper branches = 39 ± 5 mm 2 and lower branches = 32 ± 8 mm 2 , t = 1.1, P = 0.18).
Leaf water relations
Stomatal conductance under light-saturated conditions did not vary with leaf nitrogen concentration (Figure 6a) , even though photosynthetic rates increased with increasing N concentration (Figure 2a ). The ratio of internal to external CO 2 partial pressure (p i /p a ) therefore decreased with increasing leaf N concentration (Figure 6b ). Leaf water potential measured at midday on transpiring and non-transpiring leaves did not vary significantly with leaf N concentration (Figure 6c ). Overall, mean midday Ψ L of non-transpiring leaves was less than half that of transpiring leaves (-0.38 versus -0.91 MPa) ( Figure  6c ). Mean predawn water potential during the same period was -0.1 MPa. Carbon isotope discrimination (∆) measured on the bulk leaf sample from throughout the crown was lower in trees with TREE PHYSIOLOGY ONLINE at http://heronpublishing.com EUCALYPTUS HYDRAULIC ARCHITECTURE AND PHOTOSYNTHESIS 687 high leaf N concentration than in trees with low leaf N concentration (Figure 7) . Total variation in discrimination was approximately 2‰, corresponding to variation in N area from 1.0 to 1.8 g m -2 .
Discussion
Leaf specific hydraulic capacity in the E. grandis trees did not change in response to fertilization, despite increases in leaf N concentration and photosynthetic capacity. Stomatal conductance was also unresponsive to fertilization and, given the exposed windy location of the study site, it is reasonable to assume that water use per unit leaf area was also unchanged. Calculated p i /p a was therefore reduced in trees with high leaf N concentration, an observation strongly supported by independent measurements of reduced discrimination against 13 C with increasing leaf N concentration. Our hypothesis that hydraulic capacity increases in coordination with increased leaf photosynthetic capacity was therefore rejected. Instead, we propose that stem hydraulic architecture was conserved, and that stomatal control of transpiration was coordinated with hydraulic capacity rather than with leaf photosynthetic capacity. Although a causal relationship was not demonstrated, it is possible that aboveground hydraulic architecture places a limitation on crown photosynthetic carbon assimilation. Water-use efficiency increased in N-fertilized trees as leaf photosynthetic capacity increased, but hydraulic and stomatal limitations on photosynthesis remained the same.
Stomatal control of transpiration is often coordinated with leaf-area-based water transport capacity Grantz 1990, Whitehead 1998) . Partial removal or covering of tree foliage usually induces a rapid increase in g s in the remaining foliage (Whitehead et al. 1996 , Pataki et al. 1998 , whereas cavitation or stem wounding induces a decline in g s Pockman 1993) . Therefore, stomata may respond to some form of hydraulic signal, generated by perturbation of the hydraulic pathway, even though bulk Ψ L may remain relatively constant, or increase during the change (Whitehead 1998) . Instead of a simple negative feedback response to bulk Ψ L , stomatal coordination of transport capacity may be a threshold response to a critical value of water potential (Bond and Kavanagh 1999) . We did not determine the threshold water potential for decreased g s , but because of frequent rainfall and high water potentials it is possible that g s was maximal in all trees irrespective of N status. Partial defoliation or root pressurization could be used to determine whether g s increases in response to an increase in leaf specific hydraulic capacity. Regardless of whether g s was constrained by maximal stomatal aperture and density, or by a mechanism that maintained a threshold minimum Ψ L , g s and stem hydraulic capacity remained constant despite a fertilization-induced enhancement of leaf photosynthetic capacity.
Why was there no increase in stem hydraulic capacity in fertilized plants in coordination with increased leaf photosynthetic capacity? Our results suggest that stem hydraulic architecture partially determines leaf and crown physiology, rather than the reverse (Gartner 1995) . The xylem in new branches develops before the leaves are fully expanded, and stems serve a structural as well as hydraulic function. A trade-off between mechanical and hydraulic performance may limit phenotypic variation in hydraulic capacity in response to changes in leaf photosynthetic capacity (Gartner 1995) . The tendency for hydraulic capacity to be established before leaf maturation is illustrated by the strong increases in k s and k l with height of branch insertion. The concept of hydraulic segmentation suggests that leaf specific conductivity normally decreases toward the shoot apex (Zimmermann 1978) . However, increasing k l toward the apex in trees is a known trait associated with strong apical control that is thought to hydraulically "favor" the faster growing leader and upper branches (Tyree and Ewers 1996) . In new branches, a large hydraulic capacity is established first, the first leaves mature later, and k l declines as the branch grows larger.
The lack of any change in k l in response to fertilization conflicts with previous reports of plasticity in hydraulic architecture in response to climate, stand density or light environment (Pothier and Margolis 1991 , Schultz and Matthews 1993 , Mencuccini and Grace 1995 . However, in many of these examples, adjustments in hydraulic architecture may have been induced by a change in water supply in relation to evaporative demand, such as a decrease in soil water content in more densely planted stands with an initially higher leaf area index. In contrast, in our study, N fertilization induced changes in the intrinsic leaf photosynthetic capacity of young trees that experienced a relatively constant water supply. Our result reflects the short-term response before fertilization affected conditions at the stand level. Differences in hydraulic architecture might have occurred if this experiment had been continued until canopy closure was complete and N-induced differences in tree size and LAI began to affect soil water content. In a long-term study, Brix and Mitchell (1983) found that LA/SA was increased by fertilization, but there is generally little information on hydraulic effects in forest fertilization experiments.
Other studies have shown that water-use efficiency in trees can increase in response to N fertilization (Brix and Mitchell 688 CLEARWATER AND MEINZER TREE PHYSIOLOGY VOLUME 21, 2001
Figure 7. Relationship between carbon isotope discrimination and leaf nitrogen concentration for a bulk sample of leaves from throughout the tree crown. Linear regression: y = -2x + 25, P < 0.01, n = 24.
1986, Sands and Mulligan 1990, Liu and Dickmann 1996) , but few have considered how changes in hydraulic architecture or sapwood properties might contribute to the fertilizer response (Harvey and van den Driessche 1997) . Increases in water-use efficiency with N fertilization are more apparent during periods of drought (Liu and Dickmann 1996) . Nitrogen-fertilized trees may be more vulnerable to drought stress than unfertilized trees because of their increased size and transpiration rates, and because of decreased allocation to roots (Harvey and van den Driessche 1999) . However, increases in growth in response to fertilization are generally larger than any negative effects on growth during periods of drought (Nilsen 1995) . van den Driessche (1997, 1999) grew poplars in containers and found that a high N supply increased growth and water-use efficiency through an increase in photosynthesis without any increase in g s , as observed in this study. They also found that added N altered vessel pit pore structure and increased vessel diameter, cavitation, and loss of conductivity, although these responses may have been partially caused by decreased soil water content at high-N supply van den Driessche 1997, 1999) . In our study, wood density at the base of the main stem was unrelated to foliage N concentration, suggesting that there was no significant change in sapwood anatomy or porosity with fertilization. Wood density was higher in larger trees, reflecting a normal trend of increasing density with increasing tree size and maturity. Vulnerability to cavitation was not measured, but xylem water potentials were above the threshold of approximately -1.3 MPa required for significant cavitation in another study that included E. grandis (Vander Willigen and Pammenter 1998) . Given high rainfall and high predawn Ψ L , it is unlikely that loss of conductivity caused by cavitation was significant during the measurement period in our study. It is well known that increased N supply results in decreased allocation to roots in many species (e.g., Gleeson 1993) . In an experiment located near the present study, balanced fertilization of E. saligna trees resulted in increased gross primary production and decreased relative allocation below ground (C.P. Giardina, University of Hawaii, HI and M.G. Ryan, US Forest Service, Fort Collins, CO, unpublished observations). It is possible that N fertilization caused decreased allocation to roots in our study, thereby diminishing total soil-to-leaf hydraulic conductance. However, if leaf-area-specific, root hydraulic conductance was reduced in fertilized trees, the change was not large enough to be detectable as more negative water potentials during peak transpiration on sunny days. During dry periods, root hydraulic conductance may increasingly limit total hydraulic conductance; nevertheless, the overall effect is likely to be a more rapid onset of symptoms of drought stress, such as stomatal closure and further increases in water-use efficiency in fertilized trees.
Tree to tree variation was high. There was noticeable genotypic variation in leaf thickness and shape, attributable to the use of a bulk Eucalyptus seed source intended for commercial forestry. Therefore, some of the observed variation in foliage N concentration may have been the result of genetic variation among trees, as well as the fertilizer treatments. Genetic variation helps to explain the variation between N treatments and was the rationale for using leaf N concentration as the independent variable. Despite this added component to the underlying cause of variation, shoot hydraulic properties were conserved even though there were clear differences in leaf photosynthetic properties associated with variation in leaf N concentration.
